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A typical positioner used for positioning an antenna under test on an
antenna range has two or three rotation axes arranged in such a manner asto
hciMatethe  taking ofdataalong  certain  paths thro@lti~--
cuts). It will usually have one horizontal rotation axis (the elevation axis), a vertical
axis (the azimuth axis), and possibly an additional axis (somdims ded the roll
axis) which is oriented by the other two. In the most straightforward of
meammmmt sequenms, all but one of the axes are fixed and the desired axis is
rotated over a prescribed range of angles during which data samples of the received
signal are taken. The transmit antenna ill “ummates  theantenna  under test fioma
location in the fhr zone resulting in a plane wave at the positioner. As measurement
sequences -me more comple~ perhaps requiring simultaneous motion of several
axes, two needs arise. Fk given the desired angular trajectory, one must
determine the necessary axis rotations to achieve it. %con~  if phase data is to be
properly interpr@ one must obti  for the particular trajectory u@ the
transmitting antenna / reeeiving  antenna distance for each &ta sample. These needs
can be conveniently met by means of the existing formalism developed for
description and control of the behavior of industrial robots. [See, for example, J. J.
Craig, Introduction to Robotics, Addison-Wesley, Reading, ~ 1986]

To properly describe the behavior of a given positioner, one must first
identi&  the parameters of the positioner model. We have done this by performing a
set of diagnostic phase measurements which effectively measure the transmitting
antenna / receiving antenna distance and optimizing the fit between these data and
corresponding data generated by a simulated positioner. The fit is optimized by
adjusting the geometrical parameters in the positioner model such as the angles
between the various rotation axes. Once this parameter identification has been
successfully accomplished, the positioner model can be used to prescribe the
necessary axis rotations to achieve a desired trajectory and to determine the
transmitter / receiver distancz  for each data point. In fact, even if the positioner is
damaged or improperly constructed so as to render, for example, the angle between
two ostensibly orthogonal axes significantly different from ninety degrees, robotics
modeling can be used to determine the rotations necessary to compensate for the
positioner shortcomings and achieve the desired trajectory. In this paper we
describe our experiences with this application of robotics.
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On the Use of Robotics Formalism
in the Description and Modeling of

Antenna Range Positioners

R. J. Pogorzelski and R. J. Beckon
Jet Propulsion Laboratory

California Institute of Technology
4800 Oak Grove Drive

Pasadena, CA 91109-8099

The formalism developed over the past few decated for,the analytical and
numerical treatment of industrial ro~ots  provides a convenient tool for
calibration and progr&ming  of antenna range positioners. The existence of
this formalism enables the application of standard system identification
techniques such as the Levenburg-Marquardt algorithm to denive positioner
geome~ from range phase measurements. Once the positioner geometry is
known, robotics can be used to program any desired trajectory and to
implement compensation for geometrical defects in the positioner as well as
compensation for range variation in phase measurements.
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Overview

● Motivated by the “Virtual Spacecratl  Concept.”
– Provides for “Antenna in the Loop” link simulation.

– Antenna on a test range controlled by FST.

– Requires complex positioner motion.

● Positioner geometry needed to enable the
simulation.
– Diagnostics

– Compensation

The work described here was motivated by the so-called “Virtual Spacecraft
Concept” in which a @ture spacecrzitl  is simulated initially by computer
models of its subsystems. As the subsystems are developed in hardware,
breadboard subsystems replace the computer models until ultimately, the.-
simulation is nearly all hardware. In replacing a computer model of an antenna
with hardware, we envision the antenna on the measurement range connected
to the communications subsystem simulation. In simulating communication
during spacecraft maneuvers, the positioner must move the antenna to make
the transmit antenna execute the same trajectory in the field ofview of the
antenna as would the earth during the actual mission. This can require
complex multiaxis  motion. Moreover, to program this motion with high
accuracy, one must know the positioner geometry with corresponding
accuracy. Then in addition to compensating for positioner errors one may also
compensate for changes in the distance to the transmit site during the motion
so as to obtain true phase measurements representative of the actual earth
spacecraft link.
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Cskuhted  ● tenna gain during descent.

This is an example application which required a very complicated trajectory.
This represents the tr?jecto~  of the ‘earth in the field of view of the Mars
Pathfinder lander low gain antenna during the descent to the surface of Mars.
The graph on the right shows the computed right circular polarization signal
magnitude variation due to motion along this trajectory.
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‘%h Simulation (Continued)
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CakAtcd antenna gain during  descent. Mammuf antenna  gsh  during  desant.

This shows a comparison between we computed gain variation and that
measured using a crude mock-up owe lander. Qualitative agreement to the
level expected considering the crudeness of the mock-up is evident.
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Positioner Geometry

● A positioner is a robot.
– Well established theoretical description available.

– Standard system identification techniques applicable,

“ Robotics provides:
– Full description of geomet~.

– Means of programming arbitrary trajectories.
– Means for compensating for defects.

The starting point of the development is that we recognize the positioner to be
a robot and we apply the established theoretical description. This will provide
a convenient and com’pact  description of the positioner geometry and a
convenient formalism in terms of filch to describe trajectory programming
and error compensation,

.5
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A robot is viewed as a series of links connected with hinges. The usual
positioner actuators rotate these hinges. Associated with each hinge is a
coordinate system wi’ti z axis along the hinge and x axis being the mutual
perpendicular between that hinge axis and the next. The geometry is thus
completely described by giving the perpendicular distances(a) between the
hinge axes, angles (a) between the hinge axes, and the distances along each
axis between the intersections with the perpendiculars to the preceding and
succeeding hinges (d). In operation, the hinge angles (?) are varied to
produce the desired motion-of the point P. The point P is described by a four
vector in coordinate system 4 and a cascade of matrices describing
transformation through coordinate systems 3,2,and 1 lead to an overall
transformation of the point P into the base coordinate system O.



Polarization reference
in X4 direction

*Y3

Y4

1=====1

Although our position has only three axes, we have added a fourth coordinate
system~o  des&ibe  th~ polari~tion  ~fthe  test antenna. Polarization is assumed
to be linear and directed along the x axis of the fourth coordinate system. By
properly setting the x and y coordinate of the antenna and the rotation angle,
POL, one can achieve any linear polarization and any position desired.
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Robotics Model*

0P=:T4P=:T ;T :T :T4P

[

03s  0, -sin Oi o a ~1
M sine, cosai.l

,T =
case, fx3sa&1 - s i n s , . , -d, sinak,

sinCii  sinaL, cosO, sina&l ~s%l d, cosaL1

o 0 0 1 1

IIx ,
D=~R–xO)2+y;  +z:

4P= :

1
“~. J. Cti& Introduction to Robc4i~
&@llll@  d titro~ Al&m-Wesley,  1986.

This is the matrix description ofthecoordinate  transformations. Each
transformation matri~ depends on the parameters of the given hinge and the
rotation angle of that hinge. The product of all the transformation matrices
gives a transformation matrix between coordinate systems 4 and O.
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Phys~
Positioner

Calibration [a..a,. d.]

Sequence
[%%0%0,1

Positioner
Model

A
[q.\.d,l T

[ % @ . l + - ‘1Levenberg-Marquardt
Algorithm

In terms of the preceding mathematical description one can develop a
computer model of the positioner wth variable geometrical parameters. It then
becomes necessary to determine these parameters so as to mimic the actual
positioner. This is the classical system identification problem. First, we
devise a sequence of measurements (pattern cuts if you will) over which we
measure the phase variation of the measured signal from, in this case, a
circularly polarized transmit antenna. This yields a set of measured data. An
important aspect of this is that the transmit antenna must be relatively close to
the positioner for the measurement to be effective in identi@ing  the
parameters. In our case this measurement was done at 8.45 GHz and the
distance was nominally 40 feet.

Having the above described data set in hand, we adjust the parameters of the
computer model of the positioner until it produces a best fit to the data. This
wm accomplished using the standard Levenberg-Marquardt  algorithm
(Numerical Recipes).

19
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Optical Check

Some aspects of the resulting geometry were checked by using an optical
measurement system (Leica’s MANCAT System) consisting of two theodolites
and a PC. The system establishes a coordinate system as shown and by
sight ing on a target from the t wo positions the computer algorithm can be used
to provide the Cartesian coordinates of the target. By taking several such
measurements and rotating one axis of the position in steps between
measurements on obtains a set of points which are then fitted to a circle
yielding the radius of the rotation circle, the coordinates of the center, and any
desired number of points along the rotation axis. When this is done for all
three axes of the positioner, the resulting data can be used to determine the
angles and distances between the axes for comparison with the results derived
from the phase data.

10
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output

Omc  S I G M A  PHASC  CRROR: 2 0 . 0 0 0 0 DCI:RESS
WAVSLWCTW  :
CHISC4JARC:

1 . 4 0 0 0 0 INCHES
1 3 0 2 . 3 1

NIMSSR  O?  ITCRATIONS: 16

P~cR I N I T I A L  XXPXCTZD

AZ1ltVTH  OrFSCT  AMLC: 0 . 0 0 0 0 0 0 . 0 0 0 0 0
ZLWATION  OPHIST ANOLC: 0.00000 0.00000
ROU OrFSFI AJ4cLC: 0 . 0 0 0 0 0 0 . 0 0 0 0 0

EST  114ATI!

- 0 . 7 8 0 8 6
0 . 0 2 9 7 9

- 0 . 3 1 1 7 8

ROU AX1i EXTZNS1OI4:
X ANTcMtLA  POSIT ION:
Y  ANTCN?4A PW1TIO14:
T4UNS191’ITCR  DISTANCE:
OVWAl,L  PHASE Or?SCT:

0 . 0 0 0 0 0 0 . 0 0 0 0 0 0 . 0 0 0 0 0
2 3 0 . 0 0 0 0 0  2 5 1 . 2 5 0 0 0  2 5 0 . 0 9 9 6 1

0 . 0 0 0 0 0 0 . 6 6 0 0

1

0.60284
SO . 0 0 0 0 0  S9  .720t 93.80S61
1o.00000 2 1 . 7 1 2 1 0  21.46021
* 0 . 0 0 0 0 0  89.95120  8 9 . 4 9 6 1 7

0 . 0 0 0 0 0 0 . 0 4 3 1 2 - 0 . ’ 3 0 3 9 3
1 2 . 0 0 0 0 0 C.000ocr S.073M

- 2 0 . 0 0 0 0 0  - 3 0 . 7 5 0 0 0  - 1 0 . 0 1 1 > 9
0 . 0 0 0 0 0 0 . 0 0 0 0 0 0 . 3 7 9 3 4

4 6 1 . 2 9 9 9 9  4 6 2 . 2 5 0 0 0  4 6 3 . 2 9 9 9 9
- 3 4 6 . 7 9 9 9 9  - 3 4 6 . 7 9 9 9 9 - 3 4 6 . 7 9 9 9 9

Slcm

0 . 0 2 7 1 4
0 . 0 1 9 5 9
0 . 1 4 1 0 0
0 . 0 0 0 0 0
0 . 0 2 0 7 4
0.01138
0 . 0 1 2 0 4
0 . 0 1 6 3 0
0 . 0 2 1 9 5
0 . 0 2 2 6 1

U N I T S

OffiRECS
omRcM

I182HCS

FIXED

x

o.oi177 lNCHI!S
0 . 0 1 1 6 7  INCHES
0 . 0 7 4 s 1  INCHES
0 . 0 0 0 0 0  INCHES x
0 . 0 0 0 0 0  MAVCLCNGTHS  X

This is an example,of  the output of the Levenberg-Marquardt based system
identification algorithm. The expecited  parameters mtiked  are those obtained
from the optical mea&rements  and the others by direct measurement or
estimate. X’s indicate those parameters held fixed during the optimization.
There more subtleties involved in this process than can be discussed here.
Suffice it to say that depending on the calibration measurements selected,
various pairs of parameters can be dependent in such a manner that to get
accurate results one or both of them must be fixed. Otherwise the algorithm
may change both of them in a compensating manner and give erroneous
results. Fortunately, such situations can be detected via the covariance  matrix
and thus can be avoided.
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Compensation Process

c1Desired
Sequence

[%%.%04

Adjusted~
Sequence

[i.%q)a

EidT’
Once the positioner parameters have been “identified”, the robotics formalism
can again be used to qdjust the progkmming  of the positioner axis controllers
to compensate for non-orthogonality of the axes and mis-calibration of the
angles while determining the necessary axis rotations to achieve the desired
measurement trajectory. Moreover, during the measurement on that
trajecto~, the distance between the transmit and test antennas varies
introducing artifacts in the phase measurements. This distance variation is
now, however, known and can thus be removed leaving only the actual phase
variation of the antenna under test.
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Concluding Remarks

● Positioners can be calibrated using robotics
formalism.

● Robotics provides geometrical description.

s System identification techniques provide
calibration,

“ Robotics provides:
– Trajecto~ programming.
– Phase correction.

– Error compensation.

We have shown how robotics formalism can be used to ,provide a convenient
description of range positioner geometry. We have used this formalism in
performing and processing calibration measurements to determine the
geometrical parameters of the positioner and described how these parameters
can be used in programming desired measurement trajectories, in phase
correction, and in error compensation. As these techniques are refined, routine
re-calibration  of positioners can become an integral and automated part of
antenna measurements. We believe that this is essential if accurate and
meaningfld  phase data is to be taken particularly as the measurement frequency
increases. Fortunately, the accuracy of this calibration technique increases
with frequency. One might even consider doing the calibration at a higher
frequency than that of the intended subsequent measurement to improve the
accuracy.
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